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Molecular reorientation of oblate symmetric top molecules in the presence of internal rotation is investigated and
an analytic expression for the overall reorientational correlation time is obtained. The overall reorientation of the
symmetric top is treated by the anisotropic rotational diffusion and the internal rotation is analyzed by employing
a model which describes jumps between several discrete states with different lifetimes. The lifetimes thus obtained
can be compared with the internal angular momentum correlation time which appears when the internal rotation
is treated by a modified extended rotational diffusion model.

Introduction

Study on molecular reorientation in liquid has been car-
ried out by many workers both theoretically and experimen-
tally. Experimental methods' include NMR, IR, Raman, and
Rayleigh light scattering and theoretical methods® include
rotational diffusion®~%, jump diffusion?~®, and extended rota-
tional diffusion models™. Of these models, the extended ro-
tational diffusion model proposed by Gordon’ is known to
give the best description. Other workers have applied this
model to linear’, spherical top® and symmetric top'® mole-
cules.

Investigation of internal rotation with the extended rota-
tional diffusion model was carried out by Spiess et al." and
later by Bull?, Sometime ago we™ extended the approach
of Spiess ¢f al. and proposed an analytic expression for the
overall reorientational correlation time in terms of the inter-
nal angular momentum correlation time which is a typical
parameter involved in the extended rotational diffusion mo-
del. Comparison between the analyses for the dipole-dipole
interaction”® and the spin-rotational interaction', enables us
to determine the internal angular momentum correlation
time unambiguously.

On the other hand, the segmental motion of polymers in
liquid has attracted many attention due to the exciting na-
ture of polymers®¥’, Usually, one applies rotational diffusion
or jump diffusion to the segmental motion which contains
multiple internal rotation. London and Avitabile®® proposed
a model which describes jumps between several discrete sta-
tes with different lifetimes. We applied their model to inter-
prete the relaxation rate of #-heptane in liquid state® In
this model, internal rotations are assumed to be independent
and as the chain length becomes longer this assumption
turns out to be a rather severe one.

The purpose of this work is to apply the above model
proposed by London and Avitabile to simple molecules with
internal rotation such as an oblate symmetric top molecules.
The independence of the internal rotation would then be
a milder assumption., The internal rotation of an internal
rotor such as a methyl group may be an analogy of the seg-
mental rotation in a polymer chain and it can be described
by jumps between trans () and gauche (g*, g7) states with
different life times (r, and T, =1, +7,-). In this model the
ratio of the lifetimes, 0 =1,/2t, appears as an adjustable par-

ameter. This can be related to the internal angular momen-
tum correlation time which appears in our previous analysis
with a modified version of the extended internal rotational
diffusion modei.

When there is no internal rotation it is not necessary to
distinguish prolate symmetric tops from oblate symmetric
top molecules in the theoretical forraulation of molecular
reorientation. Existing theories describing internal rotation
are dealing implicitly with prolate symmetric top mainbody.
Our previous work' was also in the same spirit and toluene
molecule was assumed to be a prolate symmetric top mole-
cule. However, when the internal rotor is attached to an
oblate symmetric top molecule such as mesitylene the situa-
tion becomes quite different since the axis of internal rota-
tion is along the minor principal axis of the mainbody. Pre-
vious theories are applicable to the case when the axis of
internal votation is along the major principal axis of the pro-
late symmetric top mainbody.

Theory

The overall reorientational correlation function in the pre-
sence of internal rotation is given by®
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where D? is the second rank Wigner rotation matrix ele-
ment™ and 0~ is the Euler angles connecting the laboratory
fixed coordinate system and the coordinate system fixed to
the internal rotor, <---> denote the ensemble average. Here
we are considering an oblate symmetric top molecule with
interna] rotation about a minor principal axis of the main-
body which is the axis of tumbling reorientation. The major
principal axis is taken to be the z-axis of the principal coor-
dinate system fixed to the mainbody. The rotation matrix
element can be further decomposed into
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where the summation is from —2 to +2 and Qp is the
Euler angles connecting the laboratory fixed frame and the
principal coordinate system. The second set of Euler angles
represents the transformation from the principal coordinate
system to the coordinate system fixed to the mainbody with
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the z-axis coincident with the minor principal axis. The last
set of Euler angles are required to transform to the coordi-
nate system fixed to the internal rotor such as a methy}
group. In this case the z-axis is taken to be along the C-
H bond and B-is the fixed tetrahedral angle and y is set
to zero without loss of generality. The angle o is the time-
dependent internal rotation angle.
The numerator of Eq. (1) then becomes
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The second approximate equality is introduced by assuming
that the overall reorientation is independent of the internal
rotation. Since the reorientation of bulky mainbody may be
reasonably assumed to undergo rotational diffusion, the first
ensemble average becomes*
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where
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and 8; is the Kronecker delta. D, is the rotational diffusion
constant for the spinning about the major principal axis and
D, is for the tumbling about the minor principal axis.

The second ensemble average which represents the inter-
nal rotation is now treated by the model proposed by London
and Avitabile®®. Internal rotation of a side group relative to
the mainbody of the molecule may be described by jumps
between trans (f) and gauche (g* or g7) states and the
probabilities of being in each one of them can be obtained
from a simple set of decay equations in the steady state
approximation. It is also assumed that gauche states can
make transitions only to {rans states. The resulting expres-
sions for these probabilities are

pO=(1+20)"" pg*)=pg )=0(1+20)7" 5

These probabilities together with the conditional probabilities
of moving from one state to another are necessary to eva-
Juate the ensemble average for the internal rotation to
give

<exp t[da{®)—ca(0)]>=0(1+20) At} 6)

where the A(f) matrix is given by London and Avitabile.
Substituting Eqs. (3), 4), and (6), Eq. (1) becomes
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Since the overall reorientational correlation time T, which
can be evaluated from NMR dipolar relaxation experiment,
is defined by a time integral of Gj, () component!, t. be-
comes

w= Y a3/ dROT [ Aut) exp(~ED ®
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where
Aul)=(26+1)/c
A=A 11 (=An()=A_;_s()
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Presence of 4% matrix elements with argument n/2 simpli-
fies Eq. (8) further to give
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according to Rose's formula®. Integrals in Eq. (10) can be
easily evaluated and the result becomes
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where
a=l/o+o6—2
$=3/2 (1+20).

It is interesting to notice that Eq. (12) can be further sim-
plified when the ratio of lifetimes, 6, becomes 1. Then
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The result obtained in Eq. (13) can now be compared with
our previous result?® which employs an extended rotational
diffusion model for the internal rotation:
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where
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The internal angular momentum correlation time, v, can be
evaluated from the experimental value of the dipolar relaxa-
tion rate via Eq. (14) and this gives the measure of the
degree of inertial effect for the internal rotation. From Eq.
(13) we can also evaluate the lifetime of the gauche state.
Since we assumed that 6=1 we alse know that t,=2t.
Therefore, we can establish a correlation between the degree
of inertial effect of the intermal rotation and the lifetimes
of different states.

Discussion

Description of internal rotation depends on the choice of
theoretical models and the molecular geometry. For symme-
tric top molecules, rotational diffusion, jump diffusion, and
extended rotational diffusion models are widely adopted. A
different model proposed by London and Avitabile describes
jumps between several discrete states with different life-
times. This model is proposed for the segmental motion of
polymers. However it can also be applied to simple mole-
cules whenever the molecular geometry is suitable for the
analysis of its internal rotation.

When the ratio of lifetimes is different from unity we have
to use Eq. (12) which contains two parameters, namely, o
and v, In this case, another relation is necessary and it can
be provided by investigating the spin-rotational relaxation
process and the work is being carried out in this direction
in our group.
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